ABSTRACT In this paper, the supply pressure control problem is studied for a self-supplied variable displacement axial piston pump subjected to unknown time varying load flow disturbance. Due to the selfsupply mechanism of the pump, the mathematical model demonstrates a switching characteristic, in addition, one of the two subsystems is non-minimum phase, which complicates the controller design. A control strategy which uses the method of output redefinition combined with a switching control scheme is proposed. By defining a new output, the new system is minimum phase with respect to the revised output, which facilitates feedback controller design. Based on the proposed load flow disturbance observer, a new desired output is proposed to reduce tracking errors in the presence of time varying load flow disturbance. Two feedforward controllers along with a switching scheme are also proposed, furthermore, a common feedback controller is used to stabilize the system. The stability of the whole system is proved using common Lyapunov method and bounded tracking error can be guaranteed. Experimental results are provided to illustrate the effectiveness of the proposed controller.
I. INTRODUCTION
Fluid power technology provides many different system solutions for industrial and mobile applications because of their high power density, flexibility, and high stiffness [1] - [3] . However, energy efficiency of fluid power systems is relatively low compared with that of mechanical or electric transmissions, and much work has been conducted to improve the energy efficiency [4] - [7] . One promising way is to adjust supply flow according to actual load demands, such as load sensing systems [8] - [10] , flow matching systems [11] , [12] , hydraulic transformers [13] , and pump controlled cylinders [14] - [16] .
In general, supply flow can be adjusted in two ways. In the first solution, a fixed displacement pump is driven by a variable speed motor [17] - [19] of which the motor speed determines the delivered flow. The achievable system dynamics are dominated by the speed regulation dynamics which are basically determined by the motor inertia [20] - [22] . The second solution uses a variable displacement pump driven by a combustion engine or an electric motor rotating at a constant speed. The supply flow can be changed by varying the displacement volume of the pump. In this solution, the system dynamics are dominated by the pump control system, in which the inertia of the moving parts is much lower compared with that of the first solution [20] , [21] . Two commonly used variable displacement pump designs are the swash plate and bent axis types. Due to lower inertia of the swiveling mass in the swash plate design [21] , [23] , it is expected to achieve a higher system bandwidth and becomes a good candidate for applications that require fast dynamics.
To obtain better performance, detailed mathematical model and various feedback control methods have been developed to control nonlinear systems [24] - [28] . In [29] - [32] , linear control strategies were employed and the pilot control flow of self-supplied pumps were neglected for simplicity; however, this term has important influence on system dynamics and the neglect will lead to the degradation of the control performance [33] . Kemmetmüller et al. [22] showed that an excellent and robust supply pressure tracking behavior can be obtained by taking into account the essential nonlinearities of the system, e.g. the unknown load flow coefficient and the switching mathematical model induced by the pilot control flow because the considered pump was self-supplied. A load flow coefficient estimator was used to find out the actual load flow demand and a nonlinear two degrees-of-freedom control strategy was proposed for the supply pressure control. In [34] , a nonlinear feedback controller was proposed based on DOB(disturbance observer) and differential flatness, in addition, a sliding mode controller was also used to compensate for load flow estimation error.
The layout of the electro-hydraulic system considered in this paper is shown in Fig. 1 . It consists of a self-supplied variable displacement axial piston pump and a variable loading unit. As seen, the load flow varies with load valve opening and supply pressure. In addition, the control flow supplied to the control valve comes directly from the output port of the pump, therefore, this system demonstrates a switching characteristic as already demonstrated in [22] , therefore, the control strategy proposed in [34] cannot be directly used in this hydraulic configuration. Compared with [22] , the control task in this paper is more intricate because of different working principle, i.e. the rod side chamber of the control cylinder is energized by high pressure fluid drawing from the pump output port. This slight difference, as will be addressed in detail in the next section, yields a non-minimum phase subsystem. It is well known that feedback control of non-minimum phase systems is challenging because of unstable internal dynamics [35] .
A nonlinear supply pressure tracking controller is proposed in this paper, the concept of output redefinition is used to define a new minimum phase output. Controlling the new output is less difficult due to the minimum phase characteristic of the new system [36] - [38] . A disturbance observer is use to estimate the unknown time-varying load flow demands; based on the estimated load flow disturbance, a new desired output is proposed to reduce tracking errors in the presence of output redefinition and time varying load flow demands. In addition, due to switching characteristic of the considered system, two feedforward controllers are proposed along with a scheme to switch between the two controllers. The overall system stability is proved by means of the common Lyapunov method, and the tracking performance of the proposed controller is investigated. Experiments are carried out to verify the performance of the proposed controller.
This paper is organized as follows. In section II, a controloriented mathematical model is presented. Section III shows the proposed controller and its theoretical results. In section IV, experimental results and performance analysis are presented. Finally, conclusions are drawn in section V. Fig. 2 depicts the considered variable displacement axial piston pump. It consists of several pistons arranged in a circular array within the cylinder block at equal intervals, in addition, the pistons are connected to the swashplate using corresponding slippers. When the cylinder block rotates, each piston periodically passes over the discharge and intake ports on the valve plate. Because the slippers are held against the swashplate, the pistons undergo an oscillatory displacement in and out of the cylinder block, and fluid is delivered from the low pressure intake port to the high pressure discharge port, therefore, the volume flow is determined by the swashplate angle.
II. MATHEMATICAL MODELING
Adjustment of the swashplate angle is achieved by the control cylinder that exerts a rotational moment on the swashplate. As shown in Fig. 2 , the rod side chamber of the control cylinder is energized by the pump supply pressure that forces the swashplate into stroke; whereas the piston side chamber is energized by the control pressure regulated by the servo valve, which is supplied by the pump discharge pressure.
The motion dynamics of the swashplate and the control cylinder can be reduced to the dynamics of the control cylinder piston by using the equivalence of rotational and VOLUME 6, 2018 translational energy:
where m eq is the effective mass of the swashplate and the control cylinder, x p is the position of the control cylinder, F p is the pressure force generated by the control cylinder, F f is the equivalent friction force exerted on the swashplate and control cylinder, F AP is the load force exerted on the control cylinder due to axial piston forces applied on the swashplate which generates a moment M AP about the swashplate swiveling axis [39] , as shown in Fig. 2 , F sp is the bias spring force, P s is the pump supply pressure, P c is the piston side chamber pressure, A p is the ram area of the control cylinder rod side chamber, A c is the ram area of the piston side chamber, k sp is the bias spring stiffness, and x sp0 is the bias spring initial compression length. Due to the relatively small swashplate angle, the position of the control cylinder piston can be written as:
where r c is the effective radius of the swashplate, and α is the swashplate angle. The pressure dynamics inside the control cylinder piston side chamber are controlled by the servo valve and can be described by:
where β is the fluid bulk modulus, V c0 is the original control volume of the piston side chamber, Q c is the control volume flow to the piston side chamber, and C ce and C ci are the external and internal leakage coefficients of the control cylinder. The pump supply pressure dynamics can be represented by:
where V = V c0 − A c x p is the fluid volume in the discharge chamber, K p is the pump flow gain coefficient which is a constant at a fixed angular speed of the cylinder block, C t is the internal leakage coefficient of the pump, Q l is the load flow, and f (Q c ) is the volume flow used to tilt the swashplate, as shown in Fig. 1 . It can be seen from (1), (3), and (4) that the model of the self-supplied pump is of fourth order, which makes the model based controller design rather complicated. Due to the rather small control cylinder used in variable displacement pumps, the hydraulic stiffness of the control cylinder is rather high, therefore, the hydraulic eigenfrequency and the natural damping of the control cylinder are not the dominant dynamics of the system behavior, and the pressure dynamics in the control cylinder piston side chamber can be neglected without influencing the achievable dynamics [21] , [40] . In addition, the internal and external leakages of the control cylinder are rather small and can be neglected [22] , [30] , [40] . The swashplate angle dynamics can be rewritten as:
The function f (Q c ) is given as:
where τ 1 and τ 2 are defined as:
Define the state variables as:
and introduce d to represent the unknown time-varying load flow Q l . Combining (4) and (5), the simplified dynamic model can be expressed as:
Because τ 1 is different from τ 2 in the considered variable displacement pump, the system dynamics constitute a switched system [22] , [41] , i.e. (9) can be split into two subsystems 1 and 2 :
The system output is y = x 1 . The zero dynamics of the two subsystems 1 and 2 can be obtained by keeping y at zero [42] :
Because K p /τ 1 A c r c > 0 and K p /τ 2 A c r c > 0, the zero dynamics of 2 is unstable, which results in a non-minimum phase subsystem. Tracking control of a non-minimum phase system may result in instability of internal dynamics [35] , therefore, supply pressure tracking control of the considered self-supplied pump becomes more intricate. The control task can now be described as follows: given the desired supply pressure trajectory x 1d (t), the object is to synthesize a control input Q c such that the output x 1 follows x 1d (t) as closely as possible in spite of unknown time-varying load flow disturbance d. The following practical assumptions are made.
Assumption 1: The load flow disturbance d(t) is continuous and satisfies
where d min and d max are the lower and upper bounds of d, µ is the bound ofḋ. Assumption 2: The desired trajectory x 1d (t), its velocitẏ x 1d (t), and accelerationẍ 1d (t) are all bounded.
At this stage, it can be obtained that the main difficulties in supply pressure tracking of the considered system are: (1) the disturbance is unknown and time-varying; (2) the system exhibits a switching characteristic, therefore, many classical control methods and stability results cannot be used directly; (3) subsystem 2 is non-minimum phase, hence the controller should be carefully designed to ensure the stability of internal dynamics.
In the next section, a nonlinear supply pressure tracking controller will be presented.
III. CONTROLLER DESIGN A. LOAD FLOW DISTURBANCE OBSERVER
A disturbance observer is designed to estimate the unknown time varying load flow disturbance d [43] , [44] . Defined as the estimate of the disturbance d, and the estimation error is given asd = d −d. The disturbance observer is given by:
where ξ is the internal state of the disturbance observer, and K is the observer gain to be designed. Theorem 1: Under Assumption 1, by using the disturbance observer (14) , the load flow disturbance estimation errord is bounded and converges to a ball centered at the origin exponentially.
Proof: Combining (9) and (14), the dynamics of the disturbance estimation errord can be written as:
Consider the Lyapunov function
2 , and the time derivative of W d along error dynamics (15) is given by:
Thus, we can geṫ
If ε < K β/V holds, we can get that the load flow disturbance estimation errord is bounded, and it converges to a ball centered at the origin with the radius
exponentially.
B. OUTPUT REDEFINITION
As already shown in Section II, the subsystem 2 (11) is non-minimum phase and its internal dynamics are unstable. To alleviate this problem, an output redefinition approach is used [36] - [38] . In this method, a modified output is defined to ensure acceptable zero dynamics with respect to the new output. In addition, the desired trajectory for the modified output is chosen that good tracking of the actual output can be obtained.
In this paper, the new output is defined as:
where η is a design parameter to be determined. The system dynamics (9) can be rewritten in the new coordinate (z, x 2 ) as follows:
2 :
where
By keeping z at zero, the zero dynamics of (19) and (20) 
If η is chosen such that η > τ 2 βA c r c /V holds, which implies K pe > 0, K u1 > 0, and K u2 > 0, then the zero dynamics of subsystems 1 and 2 are all asymptotically stable which shows the system is minimum phase with respect to the new output z. The desired trajectory z d for the modified output z should be chosen such that good tracking of the actual output x 1 can be obtained. However, due to the unknown time varying load flow disturbance d and the switching characteristic in the considered system, asymptotically tracking of the two subsystems simultaneously is very hard and tedious, if not impossible. One possible way is to define the desired trajectory z d based on the estimated flow disturbance:
This choice can ensure bounded tracking error for subsystems 1 and 2 . Detailed discussions about tracking performance will be shown in the following sections.
, where x 2d is the desired swashplate angle. The feedforward controller FF 1 for 1 (19) can be designed asż
Q cd (24) where c 1 and c 2 are design parameters to be determined, and Q cd is the feedforward control flow. From (24) , Q cd of FF 1 can be written as
Similarly, the feedforward controller FF 2 for 2 (20) can be designed aṡ
Therefore, Q cd of FF 2 can be obtained as
The feedback control flow Q cf is introduced and Q c = Q cd + Q cf . Using feedforward controller FF 1 (25) in combination with subsystem 1 (19) , the error subsystem FF 1 + 1 can be obtained as
Similarly, the error subsystem FF 2 + 2 can be written as
The mathematical model of the considered system constitutes a switched system. It is well known that the stability of the switched system cannot be guaranteed even if individual subsystem is stable. A common Lypaunov function is used in this paper to prove the stability of the whole system [41] . Although the feedforward controllers FF 1 and FF 2 have been designed, switching condition for the two feedforward controllers remains undetermined. For the time being, it is assumed that the feedback controllers FB 1 and FB 2 for the error systems FF 1 + 1 and FF 2 + 2 have been designed. Intuitively, the switching approach is that FF 1 + FB 1 is used for Qc ≥ 0 and FF 2 + FB 2 for Q c < 0. Based on this switching condition, x 2d andx 2 are continuous at the switching instant because x 2d is determined by first order dynamic equations (25) and (27) . However, Q cd calculated from (25) and (27) when Q c = 0 are not necessarily the same. Therefore, FF 1 + FB 1 yields Q c = 0 does not mean that FF 2 + FB 2 also yields Q c = 0, as one possibility, FF 2 + FB 2 may be negative which will cause switching back to FF 1 + FB 1 . This will cause a sliding motion along Q c = 0 [22] , which is undesirable.
In this paper, this problem is addressed by switching the feedforward controller based on Q cd , i.e. FF 1 is used for Q cd ≥ 0 and FF 2 for Q cd < 0. In addition, instead of designing individual feedback controllers for each of the error subsystems FF 1 + 1 and FF 2 + 2 , a common feedback controller is used, i.e. FB 1 = FB 2 , this eliminates the switching problem of the feedback controller. By this means, x 2d ,x 2 , Q cd , and Q c are all continuous at the switching instant, the aforementioned problem is solved. There are four combinations of the system model ( 1 , 2 ) and feedforward control (FF 1 , FF 2 ) with one common Lyapunov function and one common feedback control, the stability proof of the four subsystems is shown as follows:
The error dynamics are shown in (28) . The feedback controller is chosen as (30) and the Lyapunov function is defined as
where α 1 , α 2 , and γ > 0 are design parameters. The time derivative of W along error dynamics (28) is given asẆ (32) where
, and ω 4 = β V , we havė The error dynamics of this case are given in (29) . The time derivative of W can be obtained aṡ (34) where
, and In this case, Q cd < 0 and Q c ≥ 0 hold. The error dynamics are given by
Q cf (36) Therefore, the time derivative of W can be obtained aṡ
Ifz < 0, we can get In this case, Q cd ≥ 0 and Q c < 0 hold. The error dynamics can be written as
The time derivative of W is represented bẏ
Similar to Case 3, we can also geṫ
From (33), (35), (38) and (41), the following inequality holdsẆ
If λ > 0 holds, it can be seen thatz andx 2 are all bounded becaused is bounded, therefore,x 1 is also bounded, and after a sufficient long time, W is bounded by
2λ . In addition, if after a finite time t 0 , µ = 0, i.e. r d = 0, thenz andx 2 will converge to zero.
E. TRACKING PERFORMANCE
Although the tracking performance of z and x 2 has been discussed in the last section, tracking performance of x 1 remains unknown because of the output redefinition and the nonminimum phase characteristic. In this section, the tracking performance of x 1 will be analyzed.
Define χ = z d − x 1d and combining with (23), we can get:
It can be seen that χ andχ are bounded; if after a finite time t 0 , µ = 0 andẋ 1d = 0 hold, then χ will converge to a constant η(C t x 1d + d)/K p andχ will converge to zero.
1) SUBSYSTEM 1
Combining (10) and (18), we can geṫ
Substituting (23) into (44) yieldṡ
VA c r c K u1
It can be seen that κ 1 is bounded. Define a Lyapunov function W e = 
Therefore, we can geṫ
where ε 3 is a positive constant and satisfies ε 3 < σ 1 .
2) SUBSYSTEM 2
Similarly, for subsystem 2 (11), we can geṫ
VA c r c K u2
where ε 4 is a positive constant and satisfies ε 4 < σ 2 . From (48), it can be seen that κ 2 is bounded. Combining (47) and (49), the following inequality holds: Because κ 1 and κ 2 are bounded,x 1 is bounded from (50). In addition, if after a finite time t 0 , µ = 0 andẋ 1d = 0 hold, z,x 2 , andχ will converge to zero, therefore, κ 1 and κ 2 will converge to zero,x 1 will also converge to zero.
IV. EXPERIMENTAL RESULTS

A. EXPERIMENTAL SETUP
To validate the designed supply pressure tracking controller, an experimental setup was designed as shown in Fig. 3 . A variable displacement axial piston pump was driven by an induction motor rotating at a constant speed (1450 r/min), and a servo valve (Bosch Rexroth, 4WRPH6C3B40L) of which the bandwidth is above 100 Hz was used to drive the control cylinder, in addition, a load valve (Bosch Rexroth, 4WRPH10C3B100L) was used to generate the load flow disturbance. The system states used in the controller, including the swashplate angle, supply pressure, and piston side chamber pressure were directly measured by corresponding position and pressure sensors. They were fed back to the control unit through a 16-bit A/D and D/A board (National Instruments, PCI 6229). The relief vavle was set at 25MPa.The control algorithms were implemented in Matlab/xPC and the sampling time was 1 ms. The physical parameters used for the experimental setup in this paper are listed in Table 1 . 
B. CONTROLLER IMPLEMENTATION
In the proposed controller, the control flow Q c is regarded as the control input, however, the servo valve control voltage u is the actual control input to the system. Because the servo valve bandwidth is well above that of the whole system, the valve dynamics are neglected. Define the flow gain of the servo valve as K qu , the control voltage u can be obtained by:
The proposed controller was compared with the commonly used proportional-derivative (PD) controller u = K ppx1 + K Dẋ1 . The control parameters of the proposed and PD controllers are shown in Table 2 and Table 3 , respectively. The PD controller was well tuned to provide satisfying performance at different working points. Different experiments were conducted to perform supply pressure tracking control. The two controllers were first tested for a step trajectory with the load valve closed (the load valve command is 0 V), implying d = 0. The tracking performance is shown in Fig. 4 . Compared with the proposed controller, the PD controller exhibits larger tracking errors, and the settling time is longer because of pressure oscillations during the transient stage. Due to the small load flow disturbance estimated as shown in Fig. 5(b) , z d is similar to x 1d from (23); and z tracks z d well as shown in Fig. 5(a) . The control valve voltage is shown in Fig. 5(c) . Fig. 6 shows the experimental results for the same step trajectory when the load valve command is 5 V, which means a much larger load flow disturbance. In this case, the 
FIGURE 8.
Step load valve command.
proposed controller still performs better than the PD controller. The reference trajectory for the revised output z d is shown in Fig. 7(a) . Due to the large load flow disturbance estimate shown in Fig. 7(b) , z d is quite different from x 1d ; however, good tracking performance of z d brings superior supply pressure tracking performance, verifying the effectiveness of the proposed controller.
To verify the robustness of the proposed controller, experiments were carried out for time-varying load valve command as shown in Fig. 8. Fig. 9 shows the tracking performance with the desired trajectory x 1d = 100bar. The PD controller exhibits large control errors, in contrast, the proposed controller provides a more robust response despite the challenging load flow disturbance. Internal variables of the proposed controller are shown in Fig. 10 .
A slope load valve command shown in Fig. 11 was then used. Fig. 12 shows the tracking performance of the two controllers, both of them cannot achieve zero tracking error because of time varying load flow disturbance; however, the proposed controller still performs better than the PD controller with smaller tracking error, further verifying its effectiveness. Internal variables of the proposed controller are shown in Fig. 13 .
V. CONCLUSION
In this paper, a nonlinear supply pressure tracking controller has been proposed for a self-supplied variable displacement axial piston pump. Detailed modeling of the considered system leads to nonlinear system dynamics of fourth order, which are then simplified for ease of controller design. Due to the fact that the variable displacement pump is self-supplied, the mathematical model exhibits switching characteristic and one of the two subsystems is non-minimum. The output redefinition method is used to overcome the non-minimum phase characteristic and a revised reference trajectory based on the load flow disturbance observer is proposed to reduce tracking errors. Two feedforward controllers along with a switching scheme are proposed, furthermore, a common feedback controller is used to stabilize the system. The stability of the proposed controller is proved by the common Lyapunov method, and bounded tracking errors can be guaranteed. Experimental results verify the feasibility of the proposed control scheme.
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